Abstract. We report the observation of the electrical transport within a chain of metallic beads (probably slightly oxidized) under applied stress. We observe a transition from an isolating to a conductive state as the applied current is increased. The voltage-current U -I characteristics is found to be symmetric with an ohmic reversible component continuously followed by a nonlinear hysteretic part saturating to a critical voltage of 0.4 V per contact. This 1D experiment allows to understand the phenomena linked to this conduction transition such as the "Branly effect" by focusing on the nature of the contacts instead of the structure of the granular network as usual. We show that this transition comes from an electro-thermal coupling due to the local heating of the microcontact up to their melting near 1000 o C (even for so low voltage as 0.4 V). Based on this self-regulated temperature mechanism, an analytical expression for the nonlinear U -I back trajectory is derived in very good agreement with the data. It also allows the determination of the microcontact temperature with no adjustable parameter. Moreover, the relevant interface between two beads is the oxide/oxide one and not the metal/oxide one. Finally, the stress dependence of the resistance is found strongly non-hertzian underlying a contribution due to this contaminent film which usualy cannot be discriminated from the contact network contribution in 2D or 3D experiments.
Introduction
Coheration or "Branly effect" is an electrical conduction instability which appears in a slightly oxidized metallic powder under constraint [1] . The initially high powder resistance falls down several orders of magnitude as soon as an electromagnetic wave is produced in its vicinity. Although discovered in 1890 and used for the first wireless radio transmission [2] , this instability and others linked phenomena of electrical transport in metallic granular media are still without satisfactory explanation [3] . Since that time, several possible processes at the contact scale were invoked without clear demonstration: electrical breakdown of the oxide layers on grains [4, 5] , modified tunnel effect ("A-fritting") through the metal -oxide ∼ semiconductor -metal junction [6] , attraction of grains by molecular or electrostatic forces [7, 8] , local soldering of micro-contacts by Joule effect [9, 10] ; each being combined with a global process of percolation [4, 5, 7, 8, 9] .
Understanding the electrical conduction through granular materials is a complicated many body problem which depends on a huge number of parameters: global ones of the grain assembly (i.e. statistical distribution of shape, size and pressure) and local ones at the contact scale of Send offprint requests to: Eric Falcon a e-mail: Eric.Falcon@ens-lyon.fr, URL http://perso.ens-lyon.fr/eric.falcon/ two grains (i.e. oxidization degree, surface state, roughness). Among these above phenomena proposed to explain the coheration, it is easy to show that some are only secondary contribution. For instance, since coheration has been observed by Branly with a single contact (crossed cylinders or tripod) [11, 12] , or with a column of beads [13] or disks [14] , percolation can not be invoked here. Moreover, when a powder sample [15] or just two beads in contact [16, 17] are connected in series with a battery, a coheration is observed at high enough imposed voltage, in a similar way as the action at distance of a spark or an electromagnetic wave. In this paper, we deliberately reduce the number of parameters, without loose of generality, by focusing on the electrical transport within a chain of metallic beads directly connected to an electrical source. As for the acoustical propagation in granular media [18, 19] , such one-dimensional experiment facilitates the understanding of the electrical contact properties, and is a first step toward more realistic media such as 2-D array of beads (including disorder of contact) [20] , and powder sample (including disorder of position). Despite some trials in early 1900, with a 2 bead coherer showing nonlinear characteristics and saturation voltage [16, 17, 21, 22, 23, 24] , no 1D-work has been surprisingly performed so far to tackle this problem.
The second motivation is to know the pressure dependence of the electrical resistance R of a granular packing, which still is an open problem. It was first measured in the case of a contact between two conductors, submitted to a force F , in order to determine the real area of contact [25] . To wit, careful attention was paid to initially break the oxide layers [25] , or to work with noble metals [26] or surface coating [27] in order to get reproducible results in R ∼ 1/F 1/3 , in agreement with the elastic Hertz law. However, when superficial oxide and/or impurity layers are present, this scaling is found again to be a power law but with an exponent greater than 1. This has been observed in a 3D packing of steel beads [28, 29] under weak (elastic) compression, or for strongly compressed powder [30] . This anomalous exponent is ascribed either to the only superficial contaminant film [28, 29] , or also to the degree of contact disorder of the packing [28] . Here again, a 1D experiment should allow to answer if this exponent is driven by contact properties since the effect of contact disorder is absent in low dimension. 
Experimental setup
The experimental setup is sketched in Fig. 1 . It consists of a chain of 50 identical stainless-steel beads, each 8 mm in diameter, with a tolerance of 4µm on diameter, and 2µm on sphericity [31] . The physical properties of the beads are summarized in Table 1 . The beads are surrounded by an isolant framework of polyvinylchloride (PVC). It consists of two parts, each one 30 mm high, 40 mm wide and 400 mm long, with a straight channel of squared section, 8.02 mm sides, milled in the lower part that contains the beads. A very small clearance of 2/100 mm is managed in the channel, so that the beads move freely along the chain axis but not in the perpendicular direction. A static force F is applied to the chain by means of a piston (8 mm diameter duralumin cylinder), and is measured with a static force sensor (FGP Instr. 1054) with a 6.1 mV/N sensitivity in the range from 1 to 500 N. An 1.8 degree stepper motor (RS 440-442) fitted to a gearhead (gear ratio 25:1) is linked to an endless screw, with a 1 mm thread, in order to axially move the piston and the force sensor with a 0.2µm/step precision. The number of motor steps is measured with a counter (Schlumberger 2721) to determine the piston displacement necessary to reach a specific force. Electrical contacts between the chain and the electrical source are made by soldering leads on particular beads, and the measurements are performed in a four-wires configuration. Note that the lowest resistance of the whole chain (about 3 Ω) is always found much higher than the lead one or the stainless steel bulk one. The bead number N between both electrodes is varied from 1 to 41 by moving the electrode beads within the chain. DC voltage (resp. current) source is supplied to the chain by a source meter (Keithley K2400) which also gives a measure of the current (resp. voltage). The maximal power output is 22 W (210V at 0.105 A or 21V at 1.05A). During a typical experiment, we chose to supply the current (10 −6 ≤ I ≤ 1 A) and to simultaneously measure the voltage V and the resistance R. The current is supplied during a short time ( 1 s) in order to avoid possible Joule heating of continuous measurements. Note that similar results have been found when repeating experiments with imposing the voltage (10 −2 ≤ U ≤ 2 10 2 V) and measuring intensity and resistance. The results reported here are reproducible since two years of studies, whatever the year period. 
Mechanical Behavior
The relation between the force F applied on two identical spheres and the distance of approach δ of their centers is given by linear elasticity through the so-called Hertz law [33] ,
and the radius of the circular contact by [33] 
E being the Young's modulus, ν the Poisson's ratio and r the radius of the beads. For stainless steel beads used in the chain [see bead properties in Table ( 1)], when F ranges from 10 to 500 N, Eq. (1) leads to the range of deformation δ between two beads from 2 to 20 µm, and Eq. (2) to the range of the contact radius a from 40 to 200 µm. Figure 2 shows the total chain displacement δ tot as a function of F . As expected, there is a good agreement with the F 2/3 Hertz law for our range of F . The departure at small F is linked to the fact that δ tot includes the piston displacement x 0 to put all the beads in contact, i.e. δ tot = x 0 + 49δ. This is indeed shown in the inset of Fig. 2 , where dδ tot /dF is found to scale as F −1/3 and to be independent of x 0 . Using Eq. (1), the intersection of the F −1/3 fit with the ordinate axis gives a measurement of the elastic properties of the bead materials through E/(1 − ν 2 ) ≃ 10 11 N/m 2 in agreement with values extracted from Table 1 . From the sensor documentations, we have checked that the force sensor displacement is 50 times less than the total bead displacement, δ tot − x 0 , at F = 500 N. The mechanical contact of the bead chain is thus very well described by the Hertz law (see also Ref. [18, 34] ). Let us denote R 0 as the electrical resistance of the bead chain, at low imposed voltage or intensity. The evolution of R 0 as a function of the applied force is shown in Fig. 3 . Experimental points are found to be well fitted by a F unexpected F −3/2 scaling observed in Fig. 3 thus shows that R 0 does not only depend on F through the radius of contact a but also through the resistivity and thickness of the contaminent and/or oxide film probabily present at the interface between metallic surfaces.
The R 0 ∼ F −3/2 scaling is only valid at low intensity. When I is increased, the R − F law is changed as shown on Fig. 4 . For each applied I, one can roughly assume a R ∼ F θ power law where θ is found to be I-dependent (see inset of Fig. 4 ). This complex dependence of θ(I) comes from the nonlinear characteristics of the system as shown in Sect. 4.2.
These scaling laws are very robust when repeating our experiments. After each cycle in force, we roll the beads along the chain axis to have new and fresh contact between beads for the following cycle. This is a critical condition to have reproducible measurements. Indeed, Fig. 3 show another force cycle leading to the same low intensity scaling in F −3/2 , but shifted vertically by one order of magnitude in resistance. This means that, at a given force, R 0 depends on the film properties at the location where the new contacts have been created. Therefore, R 0 will be subsenquently the control parameter instead of F . Finally, as for the different pressure dependences of the sound velocity observed in a 1D [18] or 2D [19] granular medium, the electrical resistance scaling (R 0 ∼ F −3/2 at low intensity) should be different for higher dimensions due to the effects of contact disorder and/or percolation. This work is in progress in a 2D hexagonal array of stainless steels beads [20] or in 3D copper powder samples [35] . 
Nonlinear U -I characteristics.
For various applied force, Fig. 5a shows, the typical hysteretical R-I characteristics when imposing the intensity 10 −6 ≤ I ≤ 1 A to the bead chain. At low I, the chain resistance R is found to be constant and reversible R − I. As I is enough increased (see open symbols), the resistance strongly decreases when reaching a constant bias (see dashed line of slope 1). This will be called afterwards the saturation voltage U 0 . As soon as U 0 is reached, the resistance is irreversible when decreasing the current (see full symbols). This falling of resistance on several orders of magnitude has similar properties than during the coherer effect with powder [1, 15] or with a single contact [11, 12, 13, 14, 16, 17] . We have checked that our experimental setup has no artefact. The compliance values of the source meter (see solid lines in Fig. 5a ) is indeed greater than measured values, and when the chain is replaced by test resistances of known values from 2.7 to 10
4 Ω, measurements (see •-marks) leads to the expected results in the full range of intensity. As explained previously, after each cycle in intensity, we roll the beads along the chain axis to have new and fresh contact between beads for the next applied force. With this methodology, the resistance drop (coherer or Branly effect) and the saturation voltage are always observed and are well reproducible.
The U -I representation of Fig. 5a is displayed in Fig.  5b . It shows more easily the constant reversible resistance at low intensity (see open symbols of slope 1), then the asymptotical approach to a constant bias value U 0 for larger I. When decreasing I, it shows the irreversible part at another constant resistance (see full symbols of slope 1) of lower value which depends on the maximal imposed intensity, but not on the applied force (see Sects. 4.3 and 4.4). As mentioned in Sect. 4.1, the best way to rescale all the U -I curves of Fig. 5b (performed at various F ) is not by the force itself but by the resistance at low current, R 0 (F ). This rescaling is shown on the inset of Fig. 5b leading to an impressive collapse on a single master curve. The current-voltage characteristics has thus a ohmic (linear) component continuously followed by a nonlinear part saturating for a critical voltage.
The saturation voltage
In this section, we focus on the saturating part of the U -I characteristics. To wit, we performed similar U -I characteristics as in Sect. 4.2, but with linear increments of [17] . N = 13.
supplied intensity. Fig. 6a shows that the characteristics depends on the history of the maximal applied intensity I max . At small intensity, U -I is reversible and ohmic of resistance R 0 (F ) (arrow 1). As I is increased, the characteristics reachs a constant irreversible line (arrows 2). Then, a decrease from different values of I max leads to different U -I trajectories (see full symbols) which are found reversible and non-ohmic (arrows 3 and 4).
One can show that the turn-on voltage U 0 depends on the number of beads, N , between the electrodes. When varying N from 1 to 41, the saturation voltage per contact U 0/c ≡ U 0 /(N + 1) is found constant of the order of 0.4 V per contact as shown in Table 2 . When changing all stainless steel beads with others of another material, U 0/c ≃ 0.2 V for bronze beads and 0.3 V for brass beads (see Table 2 ). Therefore, U 0/c depends on the beads materials (see also Ref. [16, 17, 22] ), but does not depend on the beads radius [16] nor on the gas surrounding the beads [22, 24] . Moreover, the nonlinear saturation bias U 0 does not depend explicitly on the force F . This means that when the previous characteristics obtained for different F are rescaled by R 0 (F ), all U -I curves lie on a single one as shown in Fig. 6b in linear or semilogx (see inset of Fig. 6b) axes. This saturation bias was first observed in 1901 by Guthe [17] for two beads in contact. He suggests an empirical fit of the form U = U 0 [1 − exp (−IR 0 /U 0 )] which does not describe our characteristics (see solid line in the inset of Fig.6b ). If we use a more complex fit,
α ] β with αβ = 1 as used in percolative studies [36] , this leads to a better description but with one adjustable parameter. However, no satisfactory physical description is nowadays proposed for such characteristics and the involved conduction mechanisms. In Sect. 5, we suggest a physical interpretation for U 0/c based on an electro-thermal coupling within the microcontacts. Finally, note that the saturation voltage has not been reported in higher dimensional system, although exibiting also a nonlinear and irreversible U -I characteristics (e.g. in 3D polydisperse packing of beads [37] or in 2D metallic packing of pentagons [38] ). 
Symmetrical characteristics U (I) = −U (−I).
Due to contaminants and/or oxide layers probabily present on bead surfaces, a contact between two beads can be described as a Metal/Oxide/Oxide/Metal contact. If the conduction through this contact is ionic or electronic, we expected that the Oxide/Oxide interface has fewer influence than the Metal/Oxide one. In this case, the conduction via a bridge between metals through the oxide should thus lead to an ionic or electronic accumulation on one other side of the contact. When the saturation voltage is reached, it should affect differently the two sides, breaking the original symmetry. This broken symmetry should be observed by an asymmetrical characteristics U -I, when reversing the applied current to the chain.
However, when the current is reversed and applied to the chain, Fig. 7 clearly shows a symmetrical U -I curve. At small applied intensity, U -I is reversible and ohmic (solid arrow 1) then nonlinearly reaches the irreversible saturating part (solid arrow 2) for increasing I up to I max+ = 1 A, and finally follows a nonlinear and reversible trajectory (solid arrow 3) when I is decreased to 1 mA. When reversing the current up to I max− = −1 A, the characteristic follows symmetrically this reversible non-ohmic line (solid arrow 4 and 5). We can thus conclude that the important interface is the Oxide/Oxide one in this problem.
We now repeat the experiment (see ♦-marks) up to a different I max+ = 0.5 A. It leads to a different back trajectory (dashed arrow 3) which is again symmetrical when reversing the applied current up to I max− = −0.5 A (dashed arrow 4). When the current is further increased up to -1 A, the characteristic symmetrically reaches the saturation bias −U 0 (see ♦-marks), before joining the previous reversible non-ohmic line (dashed arrow 5), when the intensity is decreased from -1 A to 1 mA. Thus, the back trajectory of this symmetrical loop is driven by |I max |. To check this, let us first define R 0b as the electrical resistance of the chain, at low decreasing intensity, that is the slope of a back trajectory in Fig. 7 . When repeating this experiment up to a different I max for various applied forces F , one can show that R 0b does not depend on F , but only on I max such as R 0b * I max ≡ U max is constant. It is indeed shown in the inset of Fig. 7 where the reversible back parts of Fig. 7 are rescaled by R 0b , and follow the same back trajectory. 
Interpretation
Assume a mechanical contact between two metallic spheres covered by a thin contaminent film. The interface generally consists of a dilute set of microcontacts due to rough surfaces at some specific scale [6] . Figure 8 schematically shows the building of the electrical contact by transformation of the poorly conductive film. At low applied intensity, the high resistance (kΩ -MΩ) of the contact is probably driven by a complex conduction mechanism through the contaminent/oxide film [39] leading to the nonlinear observed characteristics (arrows 1 until 2 in Fig.  7) . At high enough intensity (arrow 2 in Fig. 7) , the film "is piercing" in few areas where pure metallic contacts (of few Ω) are creating (see Fig. 8 ). Then, when a DC electrical current passes through these metallic areas, the crowding of the current lines within the contact spots generates a thermal gradient in the vicinity of each microcontact, if significant joule heat is produced. The relationship between the voltage-drop across the contact U , the current I and the dimension a of the spot is thus strongly modified compared to the classical constriction one, U/I = ρ el /2a, derived without taking into account the significant heat production within the spot. We first recall this voltage-temperature U -T relation, and we shall see that this electro-thermal coupling is the simplest way to interpret quantitatively the above experimental results, i.e. the U -I back trajectory (arrows 3 in Fig. 7) . Fig. 8 . Schematic view of the electrical contact building through spots by transformation of the poorly conductive contaminent/oxide film. At low I, the electrical contact is driven by a probably complex conduction mechanism through this film whereas at high enough I, an electro-thermal coupling generates a local melting leading to efficient conductive metallic bridges.
Assume a bridge connecting two metallic conductors (thermally insulated at uniform temperature T 0 ) with no contaminent or tarnish film at the contact. If an electrical current flowing through this bridge produces a steadystate temperature by Joule heating, then the maximum temperature T m at the contact is linked to the voltage-drop U by the Kohlrausch's equation [6, 40] 
where ρ el is the electrical resistivity and λ the thermal conductivity, both being dependent on the temperature T . However, for many conductors, the Wiedemann-Franz law states that [6, 41, 42] 
where L = π 2 k 2 /(3e 2 ) = 2.45 10 −8 V 2 /K 2 is the Lorentz constant, k the Boltzmann's constant, and e the electron charge. This comes from the electron scattering time contributes to both the electrical conductivity and the heat conductivity. Combining Eqs. (3) and (4) yields to the local heating
which is thus theoretically independent of contact geometry and of the materials in contact. However, the temperature distribution within the bridge depends on its geometry [42] . A voltage near 0.4 V across a constriction thus leads from Eq. (5) to a contact temperature near 1000 o C for a bulk temperature T 0 of 20 o C. This means that U ≃ 0.3 − 0.4 V leads to contact temperatures that exceed the softening or/and the melting point of most contact materials [42] . Efficient conductive metallic bridges or hot spots are therefore created by microsoldering. Since the heating at the real contact point is directly proportional to the square of the voltage-drop across the contact and not to the current [see Eq. (5)], we understand why the the experimental critical saturation voltage U 0/c is the relevant parameter in Sect. 4. Moreover, when this critical saturation voltage is approached, the local heating of microcontacts is enough, from Eq. (5), to soft them (mainly at their peripheries [42] ). Then, their contact areas increase leading thus to a decrease of local resistances, then stabilizing the voltage, the contact temperatures and the contact areas, since intensity is fixed. The phenomenon is therefore self-regulated in voltage and temperature.
Finally, we can quantitatively check this interpretation by specifying the temperature dependance for the thermal and electrical conductivity in the case of an alloy or a pure metal. For an alloy, some defects are present in the bulk metal, and contribute to the electrical conductivity (but have no influence on the Eq. (4) [6] ). The elastic scattering of the conduction electrons with the metal phonons and with the defects is random, and thus the corresponding scattering frequencies add up. This leads to the Mathiessen's rule: the total resistivity is the sum of a temperature dependant resistivity due to the scattering with phonons and a residual resistance at zero temperature due to defects such as
where α = 6.98 10 −10 Ω.m/ o K and β = 2.46 are extracted from the stainless steel resistivity in Table 1 , and T 0 = 293 o K is the room temperature. This defines an effective temperature linked to the defects T def ≡ βT 0 . Note that for pure metals, α = ρ 0 /T 0 , β = 0 (since only the "phonon resistivity" contributes), and thus from Eq. (4), λ(T ) = λ 0 = LT 0 /ρ 0 , where ρ 0 and λ 0 are the electrical resistivity and thermal conductivity of the pure metal at T 0 .
One can analytically solve the electro-thermal problem for the general case of an alloy, i.e. with ρ el (T ) and λ(T ) as in Eqs. (4) and (6), as shown in the appendix: -the isothermal temperature T m at the contact surface as a function of the voltage U is
-the normalized intensity IR 0b through the contacts only depends on this temperature T m (i.e. on U ) such as
where θ 0 ≡ arccos (T 0 /T m ). Note that T m does not depend on the materials properties, on the microcontact geometry, but only on the room temperature, T 0 , the contact number in the chain, N c , and the Lorentz constant L. IR 0b has an additionnal parameter β linked to the defects in the material. For pure metals, i.e with α = ρ 0 /T 0 and β = 0 in Eq. (6), Eq. (8) symplifies to the well-known explicit expression with no adjustable parameter [6, 40] 
where T * m ≡ (T m − T 0 )/T 0 . The normalized U -I back trajectory (i.e IR 0b as a function of the U ) is displayed in Fig. 9 . On this latter, the experimental results of Fig. 7 is compared with the theoretical solutions for an alloy [Eq. (8) ] calculated with AISI 304 stainless steel properties, and for a pure metal [Eq. (9)]. A very good agreement is shown between the experimental results and the electro-thermal theory, notably for the alloy case. Qualitatively, the alloy solution has a better curvature than the pure metal one. The agreement is quantitatively excellent when choosing β = 3 instead of 2.46 (the β value for AISI 304 stainless steel), since the β value for the bead material (AISI 420 stainless steel) is unknown, but should be close. This gives an measurement of the effective temperature T def = 3T 0 due to defects. During the experimental back trajectory, the equilibrium temperature, T m , on a microcontact is also deduced from Eq. (7) with no adjustable parameter (see inset of Fig.  9 ). It is clear that when the critical voltage is reached (U 0 = 5.8 V), T m is close to 1000-1200 o C which is enough to soften or to melt the microcontacts.
Conclusion
We have reported the observation of the electrical transport within a chain of metallic beads under applied static force. A transition from an isolating to a conductive state is observed as the applied current is increased, with a nonlinear hysteretic U -I characteristics saturating to a low critical voltage per contact (0.4 V for steel beads). Electrical phenomena in granular materials linked to this conduction transition such as the "Branly effect" were previously interpreted by different ways but without clear demonstration. Here, we have shown that this transition, triggered by the critical voltage, comes from an electro-thermal coupling in the vicinity of the microcontacts between each bead: The current flowing through these spots generates local heating which leads to an increase of the contact areas, and thus enhances their conduction. This currentinduced temperature rise (up to 1000-1200 o C) results in the microsoldering of contacts even for so low critical voltage. Based on this self-regulated temperature mechanism, an analytical expression for the nonlinear U -I back trajectory is derived and is found in very good agreement with the data. It also allows the determination of the microcontact temperature all through this reverse trajectory, with no adjustable parameter. Finally, the stress dependence of the resistance is strongly found non-hertzian underlying a contribution due to the surface films.
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A Appendix
Assume a single plane contact (of any shape) between two identical conductors (of large dimensions compared to the contact ones) submitted to a constant current I. The electrical power dissipated by Joule effect is assumed totally drained off by thermal conduction in the conductors. This thermal equilibrium and the Ohm's law lead to the potential ϕ at the isotherm T in the contact vicinity [6, 40, 42] ,
where T m is the maximum temperature occuring in the contact plane, λ the thermal conductivity and ρ el the electrical resistivity of the conductor. Denote by R 0b , the "cold" contact resistance presented to a current small enough not to cause any appreciable rise in the temperature at the contact (the conductor bulk being at the room temperature T 0 ). The relation between the current flowing through the contact and the maximum temperature produced then is [40] IR 0b = 2ρ el (T 0 )
Note that only R 0b depends on the contact geometry. Let us solve this equation for the general case of λ(T ) and ρ el (T ) such as in Eqs. (4) and (6) . Substituting Eqs. (4) and (6) 
with θ 0 ≡ arccos (T 0 /T m ). For N c contacts in series, Eq. (13) leads to Eq. (8).
